Plasma-membrane proteins such as ligand-binding receptor kinases, ion channels, or nutrient transporters are turned over by targeting to a lytic compartment-lysosome or vacuole-for degradation. After their internalization, these proteins arrive at an early endosome, which then matures into a late endosome with intraluminal vesicles (multivesicular body, MVB) before fusing with the lysosome/vacuole in animals or yeast [1, 2] . The endosomal maturation step involves a SAND family protein mediating Rab5-to-Rab7 GTPase conversion [3] . Vacuolar trafficking is much less well understood in plants [4] [5] [6] . Here we analyze the role of the single-copy SAND gene of Arabidopsis. In contrast to its animal or yeast counterpart, Arabidopsis SAND protein is not required for early-to-late endosomal maturation, although its role in mediating Rab5-to-Rab7 conversion is conserved. Instead, Arabidopsis SAND protein is essential for the subsequent fusion of MVBs with the vacuole. The inability of sand mutant to mediate MVB-vacuole fusion is not caused by the continued Rab5 activity but rather reflects the failure to activate Rab7. In conclusion, regarding the endosomal passage of cargo proteins for degradation, a major difference between plants and nonplant organisms might result from the relative timing of endosomal maturation and SAND-dependent Rab GTPase conversion as a prerequisite for the fusion of late endosomes/MVBs with the lysosome/vacuole.
Plasma-membrane proteins such as ligand-binding receptor kinases, ion channels, or nutrient transporters are turned over by targeting to a lytic compartment-lysosome or vacuole-for degradation. After their internalization, these proteins arrive at an early endosome, which then matures into a late endosome with intraluminal vesicles (multivesicular body, MVB) before fusing with the lysosome/vacuole in animals or yeast [1, 2] . The endosomal maturation step involves a SAND family protein mediating Rab5-to-Rab7 GTPase conversion [3] . Vacuolar trafficking is much less well understood in plants [4] [5] [6] . Here we analyze the role of the single-copy SAND gene of Arabidopsis. In contrast to its animal or yeast counterpart, Arabidopsis SAND protein is not required for early-to-late endosomal maturation, although its role in mediating Rab5-to-Rab7 conversion is conserved. Instead, Arabidopsis SAND protein is essential for the subsequent fusion of MVBs with the vacuole. The inability of sand mutant to mediate MVB-vacuole fusion is not caused by the continued Rab5 activity but rather reflects the failure to activate Rab7. In conclusion, regarding the endosomal passage of cargo proteins for degradation, a major difference between plants and nonplant organisms might result from the relative timing of endosomal maturation and SAND-dependent Rab GTPase conversion as a prerequisite for the fusion of late endosomes/MVBs with the lysosome/vacuole.
Results and Discussion
Endocytosis is crucial in controlling the plasma-membrane protein repertoire in all eukaryotic cells. Membrane proteins such as cell-surface receptors are delivered to the lumen of the lytic compartment (lysosome or vacuole) for degradation. On their way, proteins endocytosed from the plasma membrane successively pass through the early endosome (EE) and the late endosome (LE) before reaching the lytic compartment (vacuole/lysosome). Recent evidence suggests that early endosomes mature into late endosomes containing intraluminal vesicles-so-called multivesicular bodies (MVBs)-through a process of Rab GTPase conversion [7] . This process involves Mon1/SAND protein, which together with CCZ1 acts as a guanine-nucleotide exchange factor (GEF) on Rab7-type GTPases that also inactivates Rab5-type GTPases [1, 3, 8, 9] .
The lack of an independent early endosome (EE) is a distinguishing feature of the plant endomembrane system [10, 11] . In plants, the trans-Golgi network (TGN) is the first compartment reached by endocytic cargo and is thus at the crossroads of the secretory and endocytic routes [12] . Importantly, Rab5-like GTPases as well as phosphatidylinositol-3-phosphate (PI3P), hallmarks of yeast and animal early endosomes, are largely absent from the plant TGN/EE [13, 14] . Nevertheless, it has recently been proposed that MVBs mature from the TGN/EE [15] and we have thus investigated whether the single-copy Arabidopsis SAND gene is involved in TGN/EEto-MVB maturation and/or whether it plays a role in mediating Rab5-to-Rab7 conversion.
Endosomal maturation from TGN/EE to MVB was examined in Arabidopsis seedling root cells, via pairwise colabeling of three marker proteins: TGN/EE-localized subunit a1 of V-ATPase (VHA-a1) [10] , Rab5-like GTPase ARA7 (aka RABF2b) [13] , and the fluorescent PI3P sensor YFP-2xFYVE [14] . In line with previous findings, colocalization between VHA-a1 and ARA7 was generally low as ARA7 mostly accumulated at the MVB [10, 16] . However, ARA7 also marked a subdomain of the VHA-a1-positive TGN/EE ( Figure 1A ). The dual localization of ARA7 to TGN/EE and MVB has also been observed in EM images of immunolabeled cryosections [13] . In contrast, 2xFYVE was separate from, but often abutted, the TGN/EE ( Figure 1B ). ARA7 was mostly colocalized with 2xFYVE, which labeled an additional subpopulation of endosomes devoid of ARA7 ( Figure 1C ). Upon BFA treatment, which causes aggregation of TGN/EEs into ''BFA compartments'' that do not include MVBs [16] , some ARA7 colocalized with VHA-a1 in BFA compartments although the majority of the ARA7 signal still gave a distinct punctate pattern ( Figure 1D ). In contrast, the 2xFYVE signal was not altered such that the BFA compartments were exclusively ARA7 positive in double-labeled root cells ( Figure 1E ). Taken together, these results suggest that endosomal maturation in Arabidopsis appears to originate in a subdomain of the TGN/EE that recruits Rab5-like ARA7 and subsequently matures into an MVB, and this transition is accompanied by the accumulation of PI3P ( Figure 1F ). This conclusion is supported by ultrastructural studies indicating MVB formation on Golgi-associated tubular-vesicular structures, the local presence of ESCRT proteins on TGN/ EE, and the strong reduction in the number of MVBs observed after inhibition of the V-ATPase in the TGN/EE [15] .
The Arabidopsis genome harbors a single-copy SAND gene encoding a member of the eukaryotic SAND/Mon1 protein family and this gene appears to be expressed at moderate level throughout development (Figures S1A and S1B available online). Two mutant alleles, sand-1 and sand-2, caused by T-DNA insertional gene inactivation ( Figures S1C and S1D) , impaired seed germination, seedling root growth, and plant growth but had almost no adverse effect on gametophyte (legend continued on next page) development or function (Figures 1G-1I and S1E-S1J). In addition, the pavement cells of the cotyledon epidermis were much less lobed in sand-1 than in wild-type ( Figure 1J ). Similarly, cell sizes and cell shapes in the seedling root appeared abnormal ( Figure S1G ). These defects were abolished by expression of N-terminally GFP-tagged SAND driven by UBQ10 promoter or C-terminally mRFP-tagged SAND under the control of RPS5A promoter, indicating that SAND protein is required in all those developmental contexts ( Figures 1H, 1I , and S1).
To identify the trafficking pathway(s) in which SAND acts, we analyzed the subcellular localization of pathway-specific markers (Figures 1K-1Q and S2). Vacuolar marker proteins comprised fluorescent protein fusions of sorting signals from two storage proteins, a 0 -subunit of b-conglycinin (CT24) [17] and phaseolin (AFVY) [15] , and the soluble protease aleurain fused to GFP [18] , normally being delivered to the protein storage vacuole or the lytic vacuole, respectively. Rather than being delivered to the vacuole, all three soluble marker proteins for vacuolar trafficking were secreted from the cell ( 1K-1Q). These trafficking defects impair storage protein accumulation and vacuolar protein breakdown, limiting nutrients for growth, and might thus explain the developmental defects described above (see Figures 1K-1Q ). In contrast, there was no detectable effect on secretory or recycling post-Golgi trafficking pathways. Cytokinesis-specific syntaxin KNOLLE [19] accumulated at the cell plate as in wild-type ( Figures S2A and S2B) , auxin efflux carrier PIN1 [20] was localized at the basal plasma membrane (Figures S2C and S2D) , and PIN2 [21] accumulated at the apical end of epidermal cells (Figures S2E and S2F) . The steady-state accumulation of the two PIN proteins at the plasma membrane results from their continuous cycling through endosomes [20, 21] . However, some aberrant endosomal localization of PIN2, but not PIN1, was detected ( Figures S2E and S2F) , which might suggest that vacuolar trafficking of PIN2 is impaired, consistent with the higher turnover of PIN2 as compared to PIN1 [21] . Thus, late secretory and recycling traffic from the TGN to the plasma membrane or the cell division plane does not require SAND function and SAND appears to be specifically required for protein delivery to the vacuole.
To delineate the site of action of SAND protein, we analyzed the subcellular localization of TGN and MVB markers in both wild-type and sand-1 mutant seedling roots (Figure 2 ).
TGN-localized VHA-a1 was largely unaffected. However, the vacuolar membrane was faintly labeled in sand-1, in addition to the exclusive labeling of the TGN in wild-type (Figures 2A and 2B). In contrast, two Rab5-like GTPases, ARA6 (aka RABF1) [22] and ARA7 (aka RABF2b), labeled clusters of abnormally shaped endosomal structures, which ultrastructural analysis identified as clusters of enlarged MVBs containing intraluminal vesicles ( Figures 2C-2H ). The mutant MVBs were approximately 60% larger than wild-type MVBs in diameter and had slightly fewer intraluminal vesicles ( Figures 2G, 2H, and S2I) . Interestingly, ARA6 (RABF1) and YFP-2xFYVE labeled the vacuolar membrane in sand-1 mutants ( Figures 2E, 2F , S2G, and S2H, arrowhead). Thus, SAND appears to act at the MVB.
SAND colocalized with ARA7 (RABF2b) and, like ARA7, was responsive to the PI3-kinase inhibitor wortmannin [23] , yielding ring-shaped signals ( Figures 3A, 3B , and S3A). Consistent with these findings, SAND localized to the limiting membrane of MVBs by immunogold labeling of ultrastructural sections ( Figure 3C) . Furthermore, the SAND-positive compartment did not respond to BFA treatment ( Figure 3D ). SAND also did not colocalize with TGN-resident VHA-a1 but largely colocalized with the PI3P sensor 2xFYVE and Rab5-like ARA6 ( Figure S3 ). Constitutive activity of ARA7-Q69L [24, 25] (GTP-locked form) resulted in its vacuolar membrane localization ( Figure 3F ). Interestingly, in the presence of constitutively active ARA7, SAND was also detected on the enlarged MVBs and at the vacuolar membrane ( Figures 3E  and 3F ). To examine whether SAND interacts with ARA7 directly, yeast two-hybrid interaction assays were performed. Both the wild-type form of ARA7 and the GTP-locked form (ARA-Q69L) interacted with SAND whereas the GDP-locked form (ARA7-S24N) did not ( Figures 3G, 3H, S4A , and S4B). Interaction of SAND-RFP with GFP-tagged ARA7-Q69L was also detected by coimmunoprecipitation in extracts of transgenic Arabidopsis seedlings (Figure 3I) . Thus, SAND appears to be an effector of GTP-bound ARA7.
In yeast, SAND/Mon1 forms a heterodimer with CCZ1 that acts as a guanine-nucleotide exchange factor (GEF) of late-endosomal/vacuolar Rab7-like Ypt7 [8] . In Arabidopsis, there are eight Rab7-like GTPases including RABG3f, which has been localized to MVBs and the vacuole [26, 27] . RABG3f colocalized with SAND protein both in untreated and in wortmannin-treated seedling roots, displaying ring-shaped signals upon wortmannin treatment ( Figures 4A and  4B) . Furthermore, YFP-tagged RABG3f localized to MVBs and the vacuolar membrane in wild-type roots ( Figure 4C ). In contrast, no YFP signal was detected on the vacuolar membrane in sand-1 mutant seedling roots. Instead, RABG3f was present in punctae and in the cytosol (Figures 4D, 4E, and S4E ). These punctate structures did not respond to wortmannin in sand-1, in contrast to wild-type, suggesting that they are not MVBs (Figure S4E) . Thus, SAND is required for the correct localization of RABG3f including its accumulation on the vacuolar membrane, which is similar to the dependence of Rab7-like Ypt7 on Mon1/SAND in yeast [28] . These data suggested that SAND, directly or indirectly, might interact with RABG3f. Indeed, interaction was detected in coimmunoprecipitation assays via extracts of transgenic plants that expressed SAND-RFP and YFP-tagged RABG3f ( Figure 4F ). We then employed yeast three-hybrid analysis involving CCZ1 as a bridging protein to characterize the potential interaction between SAND and RABG3f ( Figures 4G, S4A, S4C, and  S4D ). In the presence of CCZ1, SAND interacted much more strongly with the GDP-locked form of RABG3f than with wildtype or the GTP-locked form, which would be consistent with a role for SAND-CCZ1 as RABG3f-GEF (see also the accompanying manuscript by Ebine et al [29] ., which demonstrates RabG3f-GEF activity of SAND-CCZ1). Moreover, SAND alone did not interact with the GDP-locked form of RABG3f, suggesting that the coimmunoprecipitation of RABG3f with SAND from plant extracts actually involved the presence of the SAND-CCZ1 heterodimer.
Our results indicate that in plants, as has been described in nonplant organisms, protein trafficking to the vacuole for degradation involves endosomal maturation from early endosome to MVB and subsequent fusion of MVBs with the vacuole (see model in Figure 4H ). In addition, the role of SAND protein in Rab5-to-Rab7 conversion appears to be evolutionarily conserved. Surprisingly, however, SAND-mediated Rab conversion is not required for MVB formation in Arabidopsis, as revealed by the presence of intraluminal vesicles in sand mutant plants, indicating that maturation of late endosomes from early endosomes takes place in the presence of Rab5 and the absence of Rab7. Instead, in plants Rab conversion by SAND is specifically required for the subsequent MVBvacuole fusion. It is conceivable, though, that SAND-mediated Rab conversion might also play a role in MVB-vacuole/lysosome fusion in nonplant organisms, as suggested by the interaction of Rab7-like Ypt7 with the vacuolar HOPS complex [8] . However, this might not be readily apparent because of the earlier requirement of SAND protein in endosomal maturation such that functional MVBs are not generated in sand mutants. The underlying difference between plants and nonplant organisms thus relates to a difference in specific membrane recruitment and/or activation of Rab5-like GTPases, with ARA6 and ARA7 of Arabidopsis mainly associating with MVBs/LEs and Rab5 and yeast Vps21p associating with early endosomes [30] . It is tempting to speculate that the difference between plants and nonplant organisms observed in endosomal maturation and Rab conversion might result from the relative timing of two distinct processes: ESCRT-dependent formation of intraluminal vesicles, which transforms early into late endosomes, and Rab5-to-Rab7 conversion, which essentially prepares late endosomes/MVBs for their fusion with the lysosome/vacuole.
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